Cellulose insulation was introduced into Korea in the 1980s when several small companies started production. The cellulose industry in Korea is still in an early stage of development with current production of about 1000 tons a year. The Korean equipment used to produce cellulose insulation was imported from the United States and installed by U.S. technicians. A typical cellulose manufacturing plant includes facilities for storing and moving large quantities of waste paper, chopping and shredding, milling or fiberizing, adding chemicals, and packaging. For broader use of cellulose insulation in buildings in Korea, it is necessary to establish its thermal performance. To this end, the effect of density and temperature on the thermal conductivity of loose-fill cellulose insulation manufactured in Korea and U.S. was reported. The apparent thermal conductivity of a particular type of spray-applied cellulose insulation was also determined and compared with previously published data. Apparent thermal conductivity (ka) measurements of Korean-made loose-fill cellulose insulations were completed using equipment that was built and operated in accordance with ASTM C 518. Korean loose-fill cellulose has thermal conductivity about 5% greater than the corresponding U.S. product at the same density. This is likely due to differences in the recycled material being used. Both spray-applied and loose-fill cellulose insulation lose about 1.5% of their thermal resistivity for 5.5°C increase in temperature.
Introduction
Cellulose insulation for use in building applications is primarily manufactured from recycled newsprint or cardboard using shredders and fiberizers. Cellulose insulation as a product is about 80 wt.% cellulosic fiber and 20 wt.% chemicals, most of which are fire retardants such as boric acid and ammonium sulfate [1] . Cellulose insulation was introduced into Korea in the 1980s when several small companies started production. The cellulose industry in Korea is in an early stage of development with current production of about 1000 tons a year [2] . Its current market share as building insulation is only about 0.3%. Organic insulations such as polystyrene foam board and polyurethane foam represent about 71% of the total Korean insulation market, and inorganic insulations such as fiberglass and rock wool make up about 29% [3] . On the other hand, in North America, cellulose insulation has been used since the 1940s and many studies have been done to improve its physical properties and performance. About 750,000 tons of paper has been recycled as cellulose insulation annually early 2000s in the U.S. That would imply a production volume of about 940,000 tons of cellulose insulation per year. The market share for cellulose insulation in residential buildings is 8-10 % and it claims 20-25% in the commercial spray-insulation market [4] . Cellulose insulation in the U.S. generally conforms to one of three ASTM Standard Specifications. ASTM C 739 [5] is the Standard Specification for loose-fill cellulose insulation commonly used in attics or similar horizontal applications. ASTM C 1497 [6] is the Standard Specification for stabilized cellulose generally intended for horizontal applications. Stabilized cellulose is made by adding an adhesive to loose-fill insulation to reduce post-installation settling. Self-supported sprayapplied cellulose insulation described in the ASTM C 1149 [7] is commonly used in commercial applications. Spray-applied cellulose insulation contains a significant amount of adhesive that permits it to be installed on walls and ceilings without support.
The Korean equipment used to produce cellulose insulation was imported from the United States and installed by U.S. technicians. A typical cellulose manufacturing plant includes facilities for storing and moving large quantities of waste paper, chopping and shredding, milling or fiberizing, adding chemicals, and packaging. Figure 1 shows the flow of paper and chemicals through a fiberizer plant [1] . The manufacturing process being described involves the mixing of fiberized paper and chemical additions to form a product that is packaged in bags or bales for shipment. While both Korean and U.S. cellulose insulation is produced by the same fiberizing processes, the feed stocks in the two countries are different. Korean newspaper is usually made of paper that has been recycled many times with the result that Korean cellulose insulation has shorter fibers and is more brittle than the corresponding U.S. product [2] . For broader use of cellulose insulation in buildings in Korea, it is necessary to establish its thermal performance. To this end, the effect of density and temperature on the thermal conductivity of loose-fill cellulose insulation manufactured in Korea and U.S. was reported [8] . The apparent thermal conductivity of a particular type of spray-applied cellulose insulation was also determined and compared with previously published data [9] .
Materials and Method
The labeled density of Korean loose-fill cellulose insulation was surveyed and found to be in the range of 25 to 30 kg/m 3 . On the other hand, a survey of six major U.S. cellulose insulation manufacturers indicates loose-fill cellulose insulations are labeled in the density range of 23.5 to 27.0 kg/m 3 for attic products.
Apparent thermal conductivity (ka) measurements of Korean-made loose-fill cellulose insulations were completed using equipment that was built and operated in accordance with ASTM C 518 [10] . The commercially-built heat-flow meter was calibrated using high-density fiberous glass board, SRM 1450b [11] . The heat-flow meter measurements were made using 30.530.5cm specimens at thickness varying from 2.5 to 10cm. Test data were also collected for a new type of spray-applied cellulose insulation (SACI) and compared with previously published data [12, 13] .
The new type of SACI is made with a foamable adhesive and has densities in the range 47.8 to 79.1 kg/m 3 .
Thermal Test Results and Correlations
Cellulose insulation material in the US is labeled with properties measured at a mean temperature of 24°C (75°F). Korean products are usually labeled at 20°C. However, for the purpose of comparison, the thermal properties at 24°C were used in this paper. The test specimens of US and Korean cellulose used for comparison were not chemically treated. The specimens were hand-loaded to achieve specific densities. Based on these measurements, the apparent thermal conductivity (ka, W/mꞏK) as a function of temperature is given by Eq. (1) for Korean cellulose and Eq. (2) for US cellulose both at a density of 25.5 kg/m 3 . kaKorean = 0.0365+0.000146T
(1) kaUS = 0.0346+0.000138T
(2) These two equations were obtained from previously reported data [8] . The value for ka at 24°C for Korean cellulose at 25.5kg/m 3 is 0.0400W/mꞏK while the corresponding ka for US cellulose is 0.0379 W/mꞏK. The difference in ka between the two products is about 5%. The temperature coefficient, dka/dT, is 0.000146 W/mꞏK 2 for Korean cellulose and 0.000138 W/mꞏK 2 for U.S. cellulose. Data obtained by Tye showed dka/dT value of 0.000220 W/mꞏK 2 at 24.0kg/m 3 and also 0.000136 W/mꞏK 2 at 32.0kg/m 3 [14] . The insulation from both sources gain about 2% of their thermal conductivity for each 5.5°C increase in temperature. The corresponding number for dry air is 1.6% [15] . The results for ka as a function of temperature of Korean and U.S. cellulose of the same density are shown in Table 1 . The result shows that the ka of Korean cellulose insulation is about 5% greater than the corresponding U.S. product. The Eq. (1) for Korean cellulose insulation gives ka of 0.0394 W/mꞏK and an R-value per mm of thickness of 0.0254 m 2 ꞏK/W at 20 °C. This product, consequently, will provide thermal resistances of R-5.28, R-7.04, and R-8.81 when installed in typical attic applications of 20.8 cm, 27.7 cm and 34.7 cm of insulation. Table 2 shows the U-values in Korean Building Insulation Code [16] . The minimum thickness of an envelope in a certain area can be calculated using Eq. Cellulose insulation used in wall cavities in normally at a higher density than that used in attic applications. Table 3 contains some apparent thermal conductivity data reported for spray-applied cellulose produced with a foamable adhesive [9] . The data are compared with previously published data in Figure 2 . Table 2 . Required U-value of Regional Building Envelopes in Korea (revised on July 1, 2016) (Unit : W/㎡ K).
Region Building Envelope Central Region Southern Region Jeju Island
Exterior Wall
Adjacent to Outside directly
Apartment House less than 0.210 less than 0.260 less than 0.360
Others less than 0.260 less than 0.320 less than 0.430
Adjacent to Outside indirectly
Apartment House less than 0.300 less than 0.370 less than 0.520
Others less than 0.360 less than 0.450 less than 0.620
Roof Adjacent to Outside directly less than 0.150 less than 0.180 less than 0.250 Adjacent to Outside indirectly less than 0.220 less than 0.260 less than 0.350
Floor of lowest floor

Adjacent to Outside directly
Floor heating less than 0.180 less than 0.220 less than 0.290
No floor heating less than 0.220 less than 0.250 less than 0.330
Adjacent to Outside indirectly
Floor heating less than 0.260 less than 0.310 less than 0.410
No floor heating less than 0.300 less than 0.350 less than 0.470
Floor Slab with floor heating system less than 0.810 less than 0.810 less than 0. Measured ka values for spray-applied cellulose insulation at 24°C have been obtained for densities from 34.9 to 123.8kg/m 3 and they are shown as square [13] . Data points from Yarbrough et al. [12] are shown as diamonds and data from the present study are indicated by triangles. The ka of spray-applied cellulose insulation measured in this project was 0.004 to 0.007 W/mꞏK above the data published in 1990. Table 3 contains the test results for the spray-applied cellulose specimens. The units for thermal conductivity (ka) are W/mꞏK and density () is expressed as kg/m 3 . From the Table 3 , the ka of 47.8kg/m 3 is represented by Eq. (4). kaSACI = 0.04274+0.000142T (4) From the Eq. (4), the R-value at 20 °C for a typical wall cavity installed with 47.8kg/m 3 sprayapplied cellulose insulation would be R-1.1 at 5 cm, R-2.2 at 10 cm, and R-3.3 at 15 cm thick.
The 24°C thermal data in Table 2 was compared with corresponding loose-fill values in Figure 3 . Spray-applied cellulose products containing adhesive have greater ka than loose-fill products at the same density. The recently obtained data and previously reported data support this observation. The data in Figure 3 show recently measured ka for "Fiberiffic" [17] insulation made with cellulose and that for loose-fill cellulose published by McElroy et al [18] . The spray-applied cellulose has on the average a ka about 5 % greater than the loose-fill insulation at the same density. The spray-applied insulation, however, is less likely to settle with time. The temperature coefficient, dka/dT is 0.000129 for SACI at a density of 55.4kg/m 3 . Data obtained by Yarbrough for SACI showed dka/dT values of 0.000061 at 62.9kg/m 3 and 0.000084 at 68.0kg/m 3 [13] . The insulation gains about 1.5% of their thermal conductivity for each 5.5°C increase in temperature. The thermal conductivities of the SACI and the LFCI are compared in Table 3 and Figure 5 . The specimen was hand-loaded to achieve the density of 55.4 kg/m 3 . Figure 5 . Apparent Thermal Conductivity of SACI and LFCI. Table 4 and Figure 5 show a comparison of the thermal conductivity of SACI and LFCI over the temperature range 4 to 43°C. The difference between the two types of insulation averages about 14%.
Variation of Apparent Thermal Conductivity with Temperature
Summary
1. Korean loose-fill cellulose has ka about 5% greater than the corresponding U.S. product at the same density. This is likely due to differences in the recycled material being used.
2. Spray-applied cellulose yields R-value in the range R-1.1 to R-3.3 at 20°C and thickness of 5cm to 15cm. These values are based on a density of 47.8 kg/m 3 .
3. A new type of foamable spray-applied cellulose has ka slightly higher than previously tested spray-applied cellulose.
4. Both spray-applied and loose-fill cellulose insulation lose about 1.5% of their thermal resistivity for 5.5°C increase in temperature.
